BACKGROUND AND PURPOSE: DTI in the brain has been well established, but its application in the spinal cord, especially in pediatrics, poses several challenges. The small cord size has inherent low SNR of the diffusion signal intensity, respiratory and cardiac movements induce artifacts, and EPI sequences used for obtaining diffusion indices cause eddy-current distortions. The purpose of this study was to 1) evaluate the accuracy of cervical spinal cord DTI in children using a newly developed iFOV sequence with spatially selective 2D-RF excitations, and 2) examine reproducibility of the DTI measures.
ach year, an estimated 11,000 new spinal cord injuries occur in the United States. Among these injuries, 1%-5.4% are reported in children.
1 Although spinal trauma is relatively infrequent in pediatric patients compared with adults, disability and mortality rates are higher: 40% in pediatric patients versus 20% in adults. 2, 3 Due to the distinctive biomechanics and anthropometrics of children's spinal cords, 60%-80% of all pediatric cord injuries are cervical. 4 Despite the continued improvements in treatment that help many children survive SCI, most injuries will cause permanent disability. Therefore, continued research is needed to assess neurologic damage after traumatic SCI and to improve care, treatment, and rehabilitation methods.
Currently, the evaluation and classification of neurologic impairment in adults and children with SCI is assessed using the ISNSCI published by the American Spinal Injury Association. 5 These standards involve the testing of sensory and motor function of the limbs, trunk, and anorectal area, and are used to predict recovery of neurologic function, plan treatment, and determine treatment effectiveness. Although internationally recognized, the ISNSCI standards have low utility in the pediatric population and can lead to unreliable assessment of neurologic abnormalities. A recent study has shown that children younger than 6 years of age were unable to understand and follow test instructions, children as old as 10 years were extremely anxious during the examination, and adolescents as old as 15 years withdrew from the study due to discomfort with the anal examination. 6 In addition, these examinations do not provide a direct assessment of damage to white matter tracts within the spinal cord. This can present a considerable challenge against the development of effective treatment approaches designed specifically at the cord level. Therefore, an objective assessment of the spinal cord may provide important information complementary to conventional clinical assessment and may lead to accurate prognostic evaluation of recovery from SCI.
DTI is a promising technique of examining the spinal cord in vivo. It quantifies the diffusion of water molecules in each voxel of an image in directions parallel and transverse to the plane of neuronal axons. The quantitative characteristic of DTI allows the characterization of physical properties of tissues. The unique characteristic architecture of the spinal cord may allow DTI to localize white matter, separate white from gray matter, and assess structural damage of the cord. Previous studies reported the success of DTI in characterizing different tissues of the spinal cord and demonstrated changes in diffusion characteristics along injured spinal cords. [7] [8] [9] DTI of the spinal cord is technically limited by various factors. The small cord volume (approximately 1 cm in diameter) leads to a low SNR. CSF pulsation and blood flow can produce prominent ghosting artifacts and degrade image quality. The spinal cord is also subject to respiratory and cardiac movements, which cause image blurring and increased or decreased signal intensity. Different tissue interfaces (bone, soft tissue, or fluid) can create susceptibility artifacts. Swallowing or related motion artifacts are mostly seen when imaging the cervical spinal cord. 10, 11 Finally, in pediatric imaging especially, the possibility of increased subject motion makes obtaining accurate and reproducible DTI parameter values difficult. 12, 13 Artifact-reducing techniques can be used to overcome some of these issues. However, particularly in pediatric imaging, these techniques are not without challenges. Cardiac gating and respiratory compensation may increase acquisition time, and sedation is typically not desirable in children. Thus, fast, reliable, and high-resolution imaging is needed to image pediatric subjects.
Ideally, the goal is to obtain high-resolution artifact-free and reproducible images within minimal scan time. The choice of optimal pulse sequences in pediatric spinal cord DTI is therefore critical. The pulse sequences of choice have been EPI-based designs. While these sequences offer short acquisition times, which reduce motion-related artifacts, they are highly sensitive to susceptibility artifacts and eddy-current distortions. 14, 15 Recent work using reduced FOV imaging sequences showed great reduction in geometric distortions when imaging the spinal cord. [16] [17] [18] [19] This approach takes advantage of the small-diameter spinal cord morphology and applies a relatively small rectangular FOV to the area of interest. In addition to pulse sequence choice, correcting motion-related artifacts may be a useful step in data analysis and can improve image quality. Artifact-reduction techniques can be applied during data acquisition, which may increase imaging time or the postprocessing stage.
While studies on diffusion imaging of the spinal cord in adults, 7, 20, 21 as well as in animal models [22] [23] [24] [25] have been reported, a comprehensive study of the pediatric spinal cord that examines the accuracy and reproducibility of DTI measures has not yet been reported. The investigation of normative data of spinal cord DTI represents an additional important area of inquiry. The clinical significance of this study is 2-fold. First, as in any imaging study, a thorough understanding of the diffusion characteristics of the healthy spinal cord is essential for the clinical interpretation of images of the injured spinal cord. If DTI proves to be a feasible, accurate, and reliable method for quantifying diffusion changes in the pediatric spinal cord, it may be a useful neurodiagnostic supplement to conventional MR imaging. Second, normative DTI values will provide a basis for which to compare DTI values from children with spinal injuries, allowing for classification of the consequence of injury based on deviation from normal values. Therefore, the purpose of this study is to investigate DTI of the pediatric cervical spinal cord in healthy controls by 1) evaluating the accuracy of DTI in children using a newly developed iFOV sequence with spatially selective 2D-RF excitations, and 2) examining the reproducibility of the DTI measures.
Materials and Methods

Subjects
Twenty-five subjects (6 males and 19 females), with a mean age of 13.28 years (range 7-21 years), were recruited. The age range up to and including 21 years of age represents the ages of youth typically cared for by centers specializing in SCI. The subjects had no evidence of spinal cord injury or pathology. Subjects and their parents provided written informed assent and consent of the institutional review board-approved protocol. Data from 3 subjects were excluded from the analysis-2 due to excessive motion artifacts and 1 with an incidental finding of Chiari I malformation in the cervical spinal cord. Data from the remaining 22 control subjects were included in the analysis.
Imaging
The scans were performed using a 3T Verio MR scanner (Siemens, Erlangen, Germany) with a 4-channel neck matrix and an 8-channel spine matrix coil. All subjects underwent 2 identical scans (mean time ϭ 9 hours). The protocol consisted of conventional sagittal FSE T1-and T2-weighted scans, axial FSE T2-weighted scans, as well as axial DTI acquisition with the iFOV sequence. Anesthesia was not administered to the subjects. Cardiac and respiratory gating were not used.
DTI Acquisition Using iFOV Sequence
The iFOV sequence used in this study was based on a single-shot EPI sequence for diffusion-weighted imaging with spatially 2D-RF excitations. Details regarding this pulse sequence can be found in Finsterbusch's article. 18 In summary, the section-select radio-frequency excitation of a standard EPI sequence was replaced by 2D-RF excitation targeting a rectangular profile, the inner FOV, using a blipped-planar trajectory applied in the phase-encoding direction (Fig 1) . The side excitations were positioned outside of the imaged object. To avoid aliasing of the profile's transition region, oversampling of the iFOV in the phase encoding was performed (Fig 2) . The iFOV sequence was implemented on the scanner and, during a pilot phase, was optimized for imaging the pediatric spinal cord. Imaging was performed using several diffusion directions (6, 12, 20, and 30) , multiple signal intensity averages (1 to 4), different b-values (0, 700, 800, 900, 1000, and 1200 seconds/mm 2 ), and with cardiac gating. The optimization ensured fast scanning time while maintaining high spatial resolution to delineate the small anatomy. The axial DTI images were acquired in 
Preprocessing
Initially, the diffusion datasets were corrected for motion-induced artifacts using the AIR image registration package (http://bishopw. loni.ucla.edu/AIR5/index.html) implemented in DTIstudio (http:// www.mristudio.org). The target images (20 directional images) were aligned with the reference image (B0) using a rigid registration algorithm and scaled-least-squares cost function.
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Tensor Estimation
After motion correction of the diffusion-weighted images, the eigenvectors and eigenvalues of the diffusion tensor matrix were computed on a voxel-by-voxel basis from the axial DT images using MedINRIA software (http://www.sop.inria.fr/asclepios/software/MedINRIA/). Various DTI indices were calculated and tabulated, namely, FA, AD, RD, MD, RA, and VR.
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Tensor Visualization
In addition to the DTI metrics, the following geometric diffusion measures were also extracted: Cp, Cl, and Cs. These visualization indices relate to the geometric shape of the diffusion tensor and may help examine the 3D process of diffusion and fully characterize tissue microstructure.
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Regions of Interest
For both acquisitions, regions of interest were manually drawn on color FA maps at every axial section location along the cervical spinal cord and were validated by a neuroradiologist to ensure proper anatomic localization. There was a consistent sparing of the outer margin of the cervical cord that represented approximately 1 voxel width to minimize volume averaging with the CSF (Fig 3) . Regions of interest were consistently defined throughout all sections. DTI indices were reported at each disk level of the cervical spinal cord as well as the middle (mid) portion of the cervical vertebral body (Fig 4) . The values of each DTI parameter were averaged per cord level across all subjects.
Statistics
Statistical analysis was performed to test the reliability of the datasets from the 2 separate scans per subject. This was assessed by calculating the ICC coefficients 32 for each DTI parameter for the entire cervical spinal cord as well as per cord level.
Results
Imaging with the iFOV sequence resulted in high spatial resolution of DT images. Minimal eddy-current distortions and distinctive delineation of gray and white matter structures were observed in most axial sections (Fig 5) . Qualitative examination of image registration results showed reduction in motion-induced artifacts and well-defined CSF and cord structures (Fig 6) . The subjects showed mean Ϯ standard deviation FA ϭ 0.50 Ϯ 0. Discussion and Conclusion DTI can offer a comprehensive understanding regarding structural anisotropy of axonal white matter in any tissue. Diffusion measurement is particularly promising in the spinal cord because the inherent direction of anisotropy is aligned with the cord. In the pediatric spinal cord, the utility of DTI in quantifying diffusion changes has not been well studied. The small volume of the cord, CSF flow, cardiac/respiratory activity, and susceptibility artifacts from adjacent bony structures limit the accuracy and reproducibility of DTI values. Additional challenges include keeping a child motionless for several minutes without the use of sedation and the absence of normative DTI data for comparison. Although diffusion changes in the pediatric brain have been reported, [33] [34] [35] no comprehensive study of the pediatric spinal cord has been conducted. Despite these difficulties, DTI parameters were successfully obtained in this study using a well-optimized scanning protocol. The protocol consisted of T1-and T2-weighted sequences, as well as an iFOV single-shot EPI sequence for DTI acquisition. The iFOV was installed on the MR imaging scanner and pilot tested on phantom models and adult subjects, as well as children to optimize scanning parameters. The scans were performed using several diffusion directions, multiple signal intensity averages, different b-values, and with cardiac gating. Qualitative assessments of the images and SNR calculations were performed for each combination of parameters. The optimal pulse sequence parameters were chosen based on maximum spatial resolution and maximum SNR while maintaining good image quality and minimum scan time. For axial acquisition of the pediatric cervical spinal cord (35-45 sections), the scan time was determined to be approximately 8 minutes.
14 When cardiac gating was used, there was no significant improvement in either SNR or image quality. There was, however, a significant increase in scan duration (Ͼ60%), which exceeded acceptable scan time limit. Therefore, cardiac gating was not incorporated in this study. The optimization and testing of the iFOV sequence parameters led to an increase in image resolution while maintaining a short scan time. As a result, the gray and white matter structures could be clearly visualized across cord sections for most subjects (Fig 5) .
Incorporating motion correction at the postprocessing stage before DTI analysis also proved to be valuable in data analysis. This step was accomplished via image registration using AIR with a rigid body transformation technique. This registration method uses information taken from the reference image (B0 in this case) and the target images (20 gradient directions) and creates a cost function, which quantifies the amount of mutual information between the images. Rigid body registration assumes the movement of the imaged area is rigid (free of deformation). It is commonly used in medical applications where the imaged structure is assumed to be encased within a bony structure (eg, the brain). 36 As a result, the rigid body registration method was chosen in this study because the spinal cord is also encased and protected by a bony structure-the vertebral column. Furthermore, a study investigating quantitative and qualitative analysis of several image registration methods showed that the rigid registration technique was superior to other registration methods. 26 Although the image registration approach was effectively capable of reducing artifacts caused by rigid displacement of the spinal cord, particularly motion in the anteroposterior direction, some motion-related artifacts remained: CSF pulsation, sporadic swallowing, and subject bulk motion.
With the absence of any studies or results of DTI in the pediatric spinal cord, this test-retest methodology was used to ensure accurate and reproducible quantification of diffusion changes in the spinal cord. Reliability of a quantitative imaging test is a critical feature that may allow for monitoring in vivo changes due to disease progression and treatment effectiveness. Poor reproducibility limits the potential clinical application of any medical imaging technique. To evaluate the reproducibility of these results, all subjects were scanned twice, using the same acquisition protocol, within an average time interval of 9 hours. No scanner upgrades were performed during the length of the study. Image registration and DTI analysis methods were identical in both datasets, and the regions of interest were drawn the second time by the same observer. The reproducibility of the different DTI parameters was evaluated using the ICC and showed moderate to strong agreement between the repeated-measurements scans (0.72-0.97). However, examining the ICC values as a function of cord level revealed slight fluctuations in lower levels. Signal intensity drop-offs at the edge of the neck coil may have been a contributing factor to these differences because the lower cervical and upper thoracic levels were positioned at the extremities of the neck coil, where SNR decreases.
The results of this study showed a gradual decrease in FA, AD, MD, RA, and Cl values, and a gradual increase in VR, Cp, and Cs values along the length of the spinal cord in the superior to inferior direction (C1 to T1), while RD remained relatively constant. This variations pattern can be attributed to the following effects: 1) In the upper cervical spinal cord, there is a higher attenuation of large-diameter axons compared with the upper thoracic region and, consequently, an increased axial (or longitu- dinal) diffusivity (AD). 34, 35 Subsequently, all the DTI indices (FA, MD, RA, and Cl) that are proportionally related to AD also showed a decrease in the thoracic region, and the parameters that are inversely proportional to AD showed an increase. This pattern is similar to that reported in other studies involving adult subjects. 20, 37 2) The geometric shape of the diffusion tensor is assumed to be ellipsoid and the 3 eigenvalues ( 1 , 2 , and 3 ) corresponding to diffusivities along the principal axes of the diffusion tensor are sorted in the order 1 Ͼ Ͼ 2 ϳ 3 . In a highly anisotropic axonal-shaped medium, AD represents diffusivity along the primary axis of the diffusion tensor parallel to the spinal cord tracts (AD ϭ 1 ). RD represents diffusivity perpendicular to the spinal cord tracts and is the average of 2 and 3 . It was therefore expected that RD would remain constant across cord levels.
3) Cardiac gating was not used in this study. The lowest cervical levels (C4 -C7) are the most sensitive to cardiac motion. 10, 11 Therefore, some cardiac-related artifacts may have biased the quantification of DTI parameters. While this may be considered a limitation in the study, it is important to note that gating increases acquisition time and does not prevent subject motion. Keeping the acquisition time relatively short was a priority for imaging the pediatric population.
Another potential limitation in the study is the sex-and age-dependent variances in the data. Previous studies on DTI in brain white matter reported differences in parameter values related to sex 38 and age. [39] [40] [41] In addition, the use of manually drawn regions of interest in the small pediatric spinal cord may have introduced partial volume contamination, especially in the lower cervical regions.
In this study, youths up to 21 years of age were included to obtain normative values for ages that parallel age groups typically seen in pediatric SCI centers. Although they are not children, youth between 18 and 21 years of age are often in transition from pediatric to adult health care and, in the presence of spinal cord injury, are often cared for in specialized pediatric centers. 42 
Conclusions
This study demonstrated the feasibility of pediatric spinal cord imaging using DTI and produced accurate and reliable DTI measures. Both goals were successfully assessed using an iFOV sequence, which made high-resolution imaging possible, and by including motion correction in the data analysis steps. In future work, the DTI data from the control subjects need to be compared with those of children with SCI and correlated to clinical measures.
